When chick embryo cells were infected with fowl plague virus, the rate of protein synthesis fell to 3o to 4o ~ of controls by 8 hr after infection. This effect was prevented by ultraviolet irradiation of the virus, but more slowly than the capacity to produce infectious virus. The inhibition of protein synthesis was not delayed by incubation of the cells with I/zg./ml. of puromycin for 5 hr, but addition of 50 #g./ml. of puromycin or cycloheximide delayed development of the inhibitory effect. No inhibition developed in cells which had been incubated with partially purified interferon before infection. Addition of p-fluorophenylalanine did not affect the development of the inhibition, which was also unaffected by addition of actinomycin or by ultraviolet irradiation of the cells. The effect was thought to depend upon the synthesis of a virus-directed protein using the RNA of the infecting virus.
INTRODUCTION
Many viruses inhibit the synthesis of macromolecules in infected cells. The results obtained with a number of different systems were discussed by Martin & Kerr (r968) , who thought it probable that different viruses produce these effects by different mechanisms. Thus, with vaccinia virus, the factor responsible for inhibition of cellular protein synthesis appears to be a component of the infecting virus (Moss, i968) , while for the picornaviruses there is considerable evidence to show that a new protein has to be synthesized in infected cells before the inhibitory effect on either cellular RNA or protein synthesis is demonstrable, but it is not clear whether this protein is specified by the virus or the cell. The mechanisms of the inhibitory phenomena are also incompletely understood. The inhibition of cellular RNA synthesis appears to be due to interference with the host's RNA polymerase (see Martin & Kerr, I968) , while the inhibition of protein synthesis by picornaviruses is probably due to inactivation of host cell messenger RNA, so that it is unable to form polysomes (Willems & Penman, I966) . Little is known about the inhibitory effect caused by myxoviruses except Newcastle disease virus, where it appears that both virus-directed RNA and protein synthesis are necessary (Wilson, 1968) . Infection with fowl plague virus depresses the rate of cellular protein synthesis (Scholtissek, 1965) , and it is the mechanism of this phenomenon that is the subject of this paper. A brief account of some of our results was reported by Long & Burke (I968) . * Present address: Division of Biological Sciences, University of Warwick, Coventry.
METHODS
Materials. Actinomycin D was given by Merck, Sharp and Dohme Ltd, U.S.A., [5-3H] -uridine (27"6 c/m-mole), [2-14C]-uridine (6o'7 me/m-mole) and [3H]-DL-valine (25o to 515 me/m-mole) were obtained from the Radiochemical Centre, Amersham, Buckinghamshire. Partially purified interferon was a gift from Dr K. H. Fantes, Glaxo Laboratories, Greenford, Middlesex, and had a specific activity of 75oo units/ mg. protein as assayed by the method of Fantes 0967). Cycloheximide was obtained from Sigma Ltd, London, and p-fluorophenylalanine and N-acetylneuraminic acid from Koch-Light Laboratories, Ltd, Colnbrook, Buckinghamshire.
Media, cells and viruses were described by Walters, Burke & Skehel (1967) . The ROSTOCK and DUTCH strains of fowl plague virus were grown in the allantoic cavity of To-day-old chick embryos.
Purification of fowl plague virus. The ROSTOCK strain was purified as described by Skehel & Burke (I969) , except that the final potassium tartrate density gradient centrifugation was omitted. Electron microscopy showed the product to be free from obvious contamination, and centrifugation into a potassium tartrate density gradient showed that 9o ~ of the material absorbing at 260 nm. was associated with the virus fraction. The product had an infectivity/haemagglutination ratio of 2 × IO 4 compared with a value of 5 × lO~ for the crude virus.
Incorporation of radioactive precursors and estimation of radioactivity. Chick cell cultures (about 8 × lo ~ cells/culture) were infected with virus (io p.f.u./cell), washed and incubated at 37 °. At intervals isotope was added (5 #c of [3H]-valine, 5/~c of [3H]-uridine or 2/~c of [14C]-uridine per culture) and the cultures harvested I hr later, as described by Skehel et al. 0967) .
Other assays. Neuraminidase was measured by the method of Kelly & Greiff (1965) , using fetuin prepared from foetal calf serum (Graham, ~96I) as substrate, and the method of Aminoff (196I) was used to measure the N-acetylneuraminic acid released. Complement fixing activities were measured by the method of Bradstreet & Taylor (1962) , using reagents purchased from Burroughs Wellcome & Co, London.
Inactivation of virus. Ultraviolet inactivation was performed by irradiating stirred virus suspensions with a Hanovia germicidal lamp emitting 6.I × IO 3 ergs/cm.2/sec. as measured by the method of Hatchard & Parker (1956) . The virus (initial titre log. 8.o p.f.u./ml.) received I6 hits per 60 sec. irradiation as measured by the reduction in infectivity.
Irradiation of cells. Cells were irradiated with 4 × to2 erg/cm~/se co
RESULTS

Evidence that the depression of protein synthesis is caused by virus infection
When chick embryo cells were infected with fowl plague virus, the rate of net protein synthesis, measured by [~H]-valine incorporation, fell to 3o to 4o ~ of controls by 7 hr after infection, the effect being similar to that first described by Scholtissek (1965) . Since the ROSTOCK strain grew somewhat more rapidly than the DUTCH strain and produced a greater inhibitory effect, it was selected for all subsequent experiments. Initial experiments were made with crude virus preparations harvested from the allantoic cavity, and it was important to show that the observed effect was due to virus and not to contaminants. Allantoic fluid from uninfected embryos had no effect on the rate of protein synthesis, while virus grown in chick embryo cells or in chorioallantoic membranes in vitro, as well as virus purified by adsorption to and elution from red blood cells followed by sucrose density gradient centrifugation, had exactly the same effect as unpurified virus preparations grown in the allantoic cavity. Purified virus was used for all the experiments described in this paper, except where indicated. Infection had little effect on the total protein content of the cell monolayers until about I2 hr after infection, when the amount per culture began to fall, reaching about 6o ~ of that of controls by 24 hr after infection.
Despite the rapid reduction in the radioactivity of the fraction insoluble in trichloracetic acid, virus infection had no effect on the amount of radioactivity attributable to fall was probably due to the cytopathic effect of the virus (Fig. I a) . The decreased rate of protein synthesis was not due, therefore, to a decreased rate of uptake of the isotope. Virus infection also depressed the rate of incorporation of [3H]-uridine (Fig. ~ b) , but this effect was largely due to a reduction in the radioactivity of the fraction soluble in trichloracetic acid and, in any case, was too slow for it to be the direct cause of the depression of the rate of protein synthesis. A similar depression in the rate of uptake of [aH]-uridine into the fraction soluble in trichloracetic acid was observed by Scholtissek, Becht & Drzeniek (I967), although we did not observe the early stimulation in the rate of uptake which they recorded. These experiments were made with an added multiplicity of about I© p.f.u./cell. When lower multiplicities were used, there was a smaller depression of the rate of protein synthesis, presumably because not all the cells were infected (Table I) .
We concluded that the depression in the rate of protein synthesis was a consequence of virus infection and further information about the mechanism involved was sought by observing the effect of inhibition of virus multiplication either by inactivation of the infecting virus or by treatment of the host-cell with various metabolic inhibitors.
The effect of virus inactivation
When virus which had been irradiated with increasing doses of ultraviolet light was used for infection, and the rate of protein synthesis measured from 7 to 8 hr after infection, the ability of the virus to depress protein synthesis was lost with first order kinetics, but much more slowly than the ability of the virus to produce infectious virus (Fig. 2 ). This experiment was made with virus grown in the allantoic cavity and dialysed against phosphate buffered saline to remove low molecular weight material, but similar results were obtained with purified virus. We had to show that the effect of irradiation was primarily on the virus nucleic acid, since Naftalin (1967) has shown that the inhibitory effect of host-cell RNA synthesis, which results from infection of L cells with encephalomyocarditis virus, was prevented by ultraviolet irradiation of the virus, but only after the virus failed to adsorb to the cell surface. The irradiated fowl plague virus showed unaltered haemagglutinating and neuraminidase activity, and no change in density when centrifuged into a potassium tartrate density gradient. No morphological changes were observed by electron microscopy. Virus multiplication was, therefore, not necessary in order to depress the rate of protein synthesis, and the virus component responsible for this event was susceptible to ultraviolet irradiation. Inactivation of the virus with hydroxylamine gave a similar result (Gandhi & Burke, t97o) . The primary effect of both ultra-violet irradiation and hydroxylamine is on nucleic acid, and although both these reagents may produce secondary effects we thought it unlikely that they were acting through a common secondary effect. We therefore concluded that the virus nucleic acid was essential to the phenomenon and that the capacity of the virus to depress protein synthesis was more resistant to inactivation than its capacity to produce infectious progeny. The effect of inhibitors of protein synthesis
The essential role played by the virus RNA suggested that the inhibitory effect may have depended on synthesis of a protein, either specified by the virus or by the cell, its synthesis being stimulated as a result of virus infection. We therefore studied the effect of various inhibitors of protein synthesis on this process.
Puromycin. Puromycin is a well-known inhibitor of protein synthesis but it did, in fact, produce almost as much inhibition of RNA synthesis (Table 2) .
We planned to add puromycin to infected cells, remove it some hours later and determine whether the processes leading to inhibition of protein synthesis had occurred while puromycin was present. It was therefore important to show that the effects of puromycin were reversible. Both ~ and 5o #g./ml. of puromycin inhibited production of virus haemagglutinin, but the effect of both doses could be reversed, haemagglutinin production resuming with a delay of I and 3 hr respectively (Fig. 3) . Since the duration of the eclipse phase was 3 hr, these results suggested that the smaller dose of puromycin blocked a stage occurring towards the end of the eclipse phase, possibly production of capsid protein, while the larger dose blocked a stage occurring immediately after infection. A similar situation was found with p-fluorophenylanine as an inhibitor (Zimmermann & Sch/ifer, ~96o ). This conclusion was strengthened by the results of an experiment in which the effects of actinomycin and puromycin or~ virus yield were measured (Table 3) . Actinomycin inhibited production of virus when added immediately after infection but not 5 hr afterwards (Barry, Ives & Cruickshank, 1962) . It also inhibited when added 5 hr after infection to cultures which had been treated with 50 #g./ml. of puromycin but not when the cultures had been treated with l #g./ml. of puromycin, showing that the actinomycin-sensitive process (an early event in replication of virus) had taken place in the presence of I #g./ml. but not of 5o #g./ml. of puromycin (cf. White et al. I965) .
Despite the ready reversibility of the effect of puromycin on virus production, the incorporation of [3H]-valine into material soluble in trichloracetic acid did not return to control uninfected culture values after removal of puromycin, and the best results were obtained by incubating the washed cells for i hr at 5 ° with medium free of puromycin before reincubation at 37 °. When infected cells were treated with puromycin for 6 hr before treatment in this way, infected cultures which had been treated with 5o #g./ml. ofpuromycin resumed protein synthesis at the same rate as that of uninfected cultures treated with puromycin, while those that had been treated with I #g./ml. continued with reduced rate of protein synthesis (Table 4) . Thus, ~ #g./ml. of puromycin had no effect on the development of the inhibitory effect while 5o #g./ml. prevented its expression, suggesting that the effect depended on protein synthesis occurring early in the virus multiplication cycle. However, interpretation was complicated by the side effects shown by puromycin and attention was turned to another inhibitor of protein synthesis. Uninfected control 3"6 Infected I "5 4z Uninfected + r #g./ml. puromycin 2"4 Infected + i #g./ml. puromycin I'1 48 Uninfected +5o #g./ml. puromycin I'4 Infected + 5o #g./ml. puromycin I "5 1o4
Cultures were treated with puromycin for 6 hr after infection, when they were washed and incubated with fresh medium for I hr at 5 °. They were then incubated at 37 °, with added [3H]-valine, for a further 3 hr. Cycloheximide. This inhibitor produces its effect by blocking translation of messenger RNA (cf. Willems & Penman, 2966) . At a concentration of 5 #g./ml. it inhibited protein synthesis by more than 9o ~ within 3 ° rain. of addition to chick embryo cells, without any effect on the radioactivity of the TCA-soluble pool, although it also had some effect on the rate of RNA synthesis (Table 2) . Moreover, the inhibitory effect on both pH]-valine incorporation and virus growth was completely reversible (Fig. 4 a, b) . No virus haemagglutinin was detectable until 3 hr after reversal, suggesting that the inhibitor was blocking an event occurring immediately after virus infection. This interpretation was strengthened by the results of an experiment ( Table 5 ) which showed that virus multiplication was still susceptible to actinomycin after removal of cycloheximide, demonstrating that cycloheximide had inhibited the actinomycin-sensitive event. When cycloheximide was added to infected cells 2 hr before infection, during infection and then removed 5 hr after infection, the virusinduced inhibition of protein synthesis was not observed (Fig. 5) , again showing that this process depended on protein synthesis. Longer incubation of infected cultures which had been washed free of cyctoheximide led to development of the inhibitory effect in the usual way. However, this protein synthesis could have been virus-specified or specified by the host cell and interferon was used to distinguish between these two possibilities. Interferon. When cells were pretreated overnight with 240 units/ml, of partially purified interferon, the virus yield was depressed to about o-~ ~ and virus infection produced no depression of the rate of protein synthesis (Table 6 ), showing that the virus-induced inhibition required virus-specified protein synthesis.
cycloheximide on: (a) Incorporation of [aH]-valine into the fraction insoluble in trichloracetic acid in control (O O) and cycloheximide treated cells ([]--m) and in cells from which the inhibitor was removed l~ hr after addition (± A). (b) Multiplication of fowl plague virus. The intracellular haemaggtutinin titre was measured at intervals in control cells (Q--O), cycloheximide treated cells ([2--[]) and in cells from which the inhibitor was removed 5 hr after infection (~ A).
~-
p-Fluorophenylalanine (FPA).
This inhibitor which acts by replacing phenylalanine residues during protein synthesis to form non-functional proteins, has been used extensively in the study of influenza virus multiplication (cf. White et al. I965) . It had some inhibitory effect on the incorporation of [aH]-valine, incorporation being ~oo ~o and 65 % of controls 8 hr after addition of 5o and 5oo/~g./ml. respectively, while both doses completely inhibited fowl plague virus multiplication. The inhibition could be reversed, virus multiplication resuming after a delay of ~ hr and 3 hr respectively (Fig. 6) , suggesting that the smaller dose blocked a late stage and the larger dose, an early stage in virus multiplication (White et al. I965) . However, when actinomycin was added at the time of removal of the larger dose ofp-fluorophenylalanine, it did not inhibit subsequent virus production completely ( Table 7 ), indicating that the actinomycin-sensitive stage had proceeded, at least in part, in the presence of 5oo/~g./ml. p-fluorophenylalanine. When infected cells were treated with 5oo/~g./ml. ofp-fluorophenylalanine, the rate of [~H]-valine incorporation, indicative of protein synthesis, decreased as rapidly as in controls (Fig. 7) , showing that treatment with the inhibitor did not block the virus-induced inhibitory effect, although production of complement fixing antigen, haemagglutinin, neuraminidase and infectious virus were all completely inhibited. Interpretation of this experiment was complicated because the virusinduced effect was superimposed upon the inhibition of protein synthesis due to the addition of p-fluorophenylalanine. In a second experiment, therefore, the p-fluorophenylalanine was removed 5 hr after infection and the rate of protein synthesis measured. In the infected cultures treated with p-fluorophenylanine it was 4o ~ of that of similarly treated uninfected cultures immediately after reversal, again indicating that the inhibitory effect on protein synthesis had developed in the presence of 5oo #g./ ml. of inhibitor. However, since the reversal experiments suggested that the early stages of virus multiplication were only partially blocked by this inhibitor, the results did not conflict with those obtained with the other inhibitors.
The effect of inhibitors of RNA synthesis
Despite our demonstration that the virus-induced inhibition of protein synthesis required virus-directed protein synthesis, there was no indication whether the protein was synthesized using the existing RNA of the infecting virus or newly synthesized virus RNA. An answer to this question was sought by the use of inhibitors of RNA synthesis.
Ultraviolet irradiation. Ultraviolet irradiation of chick cells leads to rapid inhibition of DNA synthesis, followed more slowly by inhibition of RNA and protein synthesis (Burke & Morrison, ~965) . Ultraviolet irradiation also inhibits multiplication of fowl (Barry, ~964) , probably by affecting the same event as that inhibited by actinomycin (White & Cheyne, ~ 966) . Cells were irradiated for different times before infection and then the rate of protein synthesis was measured 7 to 8 hr after infection. Irradiation for 2o sec. or longer completely inhibited virus multiplication but infection always depressed the rate of protein synthesis below that found in irradiated, uninfected cultures (Fig. 8) . Since ultraviolet irradiation probably inhibits the same stage as actinomycin, i.e. a stage before RNA polymerase formation (Scholtissek & Rott, 1969 a; Ho & Walters, ~966) , the results suggested that virus RNA synthesis was not necessary for the initiation of inhibition. Actinomycin. This conclusion was supported by the results of experiments using actinomycin as an inhibitor of both host cell RNA synthesis and virus multiplication (Fig. 9) (Barry, t964) . Even o'o5 #g./ml. of actinomycin completely inhibited virus growth and over a range of doses of actinomycin the rate of protein synthesis was always less in infected cultures than in the corresponding controls. The apparent rise in the rate of protein synthesis in infected cultures at high doses of actinomycin was probably due to an increase in valine radioactivity in the fraction soluble in trichloracetic acid of infected, actinomycin-treated cells. When corrections were made for the increase, the rate of protein synthesis in infected cells fell to 46 ~ of controls, the same value as that observed using smaller doses of actinomycin. Other experiments in which the cells were pretreated with actinomycin before infection gave similar results, and when cells were treated with o'5 ¢~g./ml. of actinomycin immediately after infection, the rate of protein synthesis in infected cultures was lower than that in control cultures at all times after infection. Thus, although actinomycin depressed RNA synthesis and virus multiplication, it did not prevent the development of the virus-induced inhibition of protein synthesis, showing that neither virus nor host-cell RNA synthesis was necessary for the development of this effect.
DISCUSSION
These results show that the depression in the rate of protein synthesis following infection with fowl plague virus was dependent upon the synthesis of virus-specified protein early in the eclipse phase. It is not known whether this protein acted directly on cellular protein synthesis, that is whether a particular cut-off protein was synthesised, or whether the inhibition was a consequence of the synthesis of any viral protein, possibly by interfering with some control mechanism essential for cellular protein synthesis. If this second suggestion were correct then different cells should respond to virus infection in the same way, and this does not appear to be so (Martin & Kerr, I968 ) . However, it is possible that cells differ in their sensitivity to the effects of viral protein synthesis. Further progress may depend on the isolation of material which shows an effect on virus-directed protein synthesis in vitro. The mechanism by which the inhibition of protein synthesis is brought about is not known. It cannot be due to the inhibition of cellular RNA synthesis, which decreases too slowly to account for the decrease in the rate of protein synthesis. The alternative is an effect at the translational level, and the additive effects of actinomycin and virus infection would support this. Nor is it known whether the decrease in the rates of cellular RNA and protein synthesis is ultimately responsible for cell death, although virus irradiated sufficiently to destroy the inhibitory effect also had no cytopathic effect on infected cells. Whatever the mechanism, virus protein synthesis proceeded in cells where the total rate of protein synthesis was decreasing rapidly, and this suggests that the inhibitory effect may be confined to cellular protein synthesis. If this is so, it indicates a fundamental difference between the mechanisms of cellular and virus protein synthesis, already indicated by the mode of action of interferon and by the greater temperature lability of virus protein synthesis (Scholtissek & Rott, I969b) .
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